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ABSTRACT 


The effect 

of orientation 

of 

re 1 nf or cement 

on 

strength-de format 1 on 

behaviour of soil 

has 

been studied 

by 

conducting trlaxial 

compression tests 

on 

unre i nf or ced 

and 


reinforced soil samples with inclined reinforcement under drained 
condition. Soil and reinforcing material used in the present work 
are flyash and geotextile respectively. 

The experiments have been conducted for four different 
angles of reinforcement placement and at four different confining 
stresses . 

A simple method has been proposed for predicting the major 
principal stress at failure by considering the force mobilized in 
reinforcement. A good correlation has been found between 
predicted values and test results. 



CHAPTER 1 


t 


INTRODUCTION 

It has been constant endeavour of research workers to put 
forth innovative ideas to improve mechanical properties of soil to 
suit the requirement of engineering structure. There are various 
methods for ground improvement, amongst them, reinforced soil is 
one of the later developments. 

"Reinforced soil" is often treated as a composite material, 
in which the reinforcement resist tensile stresses and interacts 
with the soil through friction and/or adhesion. In a broader 
sense, this term is also used for other mechanical and structural 
methods of soil improvement such as compression reinforcement and 
reinforcement by confinement and encapsulation. 

In most practical situations the geotextile, as a reinforcing 
material, are placed in horizontal direction from point of view of 
convenience of construction. The horizontally placed reinforcement 

•fCKil it 

may not be necessarily in the direction of pr i nc i pal,\ strai n at all 
points when applied load is in the vertical direction. Thus the 
horizontal reinforcement will be inclined to the principal tensile 
strain direction beyond certain region. Similar situation may 
arise, more critically, in footing subjected to inclined load 
resting on horizontally placed reinforced soil. 

In triaxial compression testing, principal tensile strain 
direction is horizontal. In this study, to simulate the condition 
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of reinforced soil, when reinforcement is inclined to the 
principal tensile strain direction, drained triaxial compression 
tests on reinforced soil specimen with reinforcement at varying 
angles with horizontal have been carried out. Tests have been 
performed on soil specimen reinforced at four different angles and 
at four different confining pressures. 

Chapter 2 reviews the pertinent literature available on 
strength deformation behaviour of reinforced soil. Chapter 3 
presents the details of experimental work carried out in this work 
and details of types of material used. 

Chapter 4 presents the results obtained from experimental 
work carried out in this study. The results are analyzed and 
discussed in chapter 5. The effect of cohesion has been included 
in the expression for determining the maximum major principal 
stress. The computed values of maximum major principal stress is 
found to be in good agreement with the experimental results. 

The conclusions drawn from this study have been presented in 
chapter 6 alongwith the suggestions for future research work. 
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CHAPTER - 2 

LITERATURE REVIEW 


2.1 INTRODUCTION: 

Soil reinforcement has been used since ancients times. Some 
of the earlier reinforcement material were natural like tree 
branches, rope fibres, bamboo strips etc but there were no 
rational studies to predict the engineering behavior of soil 
reinforced with natural material. First rational study on 
reinforced soil was undertaken by Henri Vidal in 1966. Since then 
several investigators have studied various important aspects 
related to reinforced soil. 

Reinforcing materials are of various types, such as 
geosynthetics, metallic sheets, nets, strips, synthetic fibers and 
fibre reinforced plastics. There are various forms of 
geosynthetics e.g geotextiles, geogrids, geonets, geocompos i ts . 
Geotextiles form the largest group of geosynthetics. 

2.2 PRINCIPLE OF REINFORCED SOIL: 

The essential phenomenon in reinforced soil is the friction 
between the soil and the reinforcement. Through this friction, the 
soil transmits the stresses to the reinforcement if the 
reinforcement is placed in the direction of tens ion , interact ion 
between the soil and the reinforcement will generate the friction 
forces. Consequently, tensile stresses will be produced in the 
reinforcement and corresponding compression will be induced in the 
soil element as long as there is no slippage between soil and 
reinforcement. This additional compression will increase the 
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confining stress, as a result of which soil can take more axial 
load ( Narain, 1985) 

The reinforced soil may fail due to either failure of 
reinforcement or compression failure of soil between reinforcement 


layers. The 

fai 1 ure i 

af reinforcement may 

be of two types. 

v i z 

re i nf orcement 

tension 

fai lure 

or rupture 

of reinforcement 

and 

re i nf orcement 

pull out 

fail ure 

or si i ppage 

between soil and 

the 


re i nf orcement . 

Al-Omari et al (1988) classified failure of reinforced 
sand as under-reinforced failure or over-reinforced failure. 
Under-reinforced failure is that which follows minimum energy 
option, in this case sand stretches the reinforcement during 
dilation and eventually the conventional slip plane develops and 
yields the reinforcement. Over-reinforcement is characterized by 
rupture^ sand-re i nf orcement bond and the post peak bulging between 
layers. Over-reinforcement failure may be achieved for same soil 
and reinforcement at higher confining stress which at lower 
confining stress gives under-reinforcement failure. 

Chandrasekaran et al (1989) observed two types of failure 
mechanism for the reinforced soil sample under triaxial loading. 
The first mechanism corresponds to that of a compression failure 
and second failure mechanism due to rupture of reinforcement. 

Haussman (1990) states that if reinforced soil fails due to 
rupture of reinforcement, failure envelop will be parallel to 
failure envelop of unreinforced soil with increase in cohesion 
value, if the soil fails by slippage, failure enevelops will not 
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be parallel and there will be increase in friction angle, which 
generally occurs at low confining pressures. 


2.3 ORIENTATION OF REINFORCEMENT: 

The orientation of reinforcement with respect to the principal 
tensile strain direction is an important parameter affecting the 
strength of the reinforced soil. The maximum improvement is 
achieved by placing reinforcement in direction of principle 
tensile strain <Mcgown et al 1978, Haussman 1988). The principal 
tensile strain direction varies from point to point depending upon 
type of loading and structure (Andrawes et al 1980). The direction 
of principal tensile strain or direction of minor principal 
stress for few cases have been shown in fig 2.1 (Andrawes et al , 
1 980 , 1 983 ). Accord i ng to principal tensile strain direction, the 
ideal pattern of placement of reinforcement should be as indicated 
in fig 2.2 (Ingold, 1982; Sridharan, 1990). Such a continuous 
system of reinforcement is not practical in the field. The 
simplified form of reinforcement pattern is shown in fig 2.3 
(Ingold, 1982; Sridharan, 1990). 


Practically only metallic reinforcement can be placed in 
inclined or vertical direction. Placing the geotextile at various 
inclination, which does not have the required rigidity, is 
practically difficult. For sake convenience of construction 
geotextiles are normally placed in horizontal layers. When 
principal tensile strain direction or principal stress direction 
varies relative to horizontal, the horizontal reinforcement will 
not be in direction of principal tensile strain. In this situation 
horizontally placed reinforcement will be at some angle to the 





(After Ingold, 1982 ) 
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(After Sndharan, 1990) 


Fig. 2 . 2 Idealised Reinforcement Orientations 
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principal tensile strain direction 




The triaxial compression testing on reinforced soil with 
horizontal layers of reinforcement simulate the condition of 
reinforcement in the direction of maximum tensile strain. For 
simulating the condition of soil reinforced at some angle to the 
principal tensile direction, triaxial compression tests on soil 
reinforced with reinforcement placed at angle to horizontal should 
be performed . . 


2.4 STRENGTH CHARACTERISTICS OF REINFORCED SOIL: 

2.4.1 ANALYTICAL STUDIES: 

According to reinforcement direction, reinforcement treated 
as horizontal or inclined reinforcement. If reinforcement is in 
plane of major principle plane then it is treated as horizontal 
otherwise as inclined reinforcement. 

Schlosser and Long (1974) proposed the equation for strength 
of reinforced soil in terms of an anisotropic or pseudo cohesion 
Cr, which was a function of reinforcement spacing and tensile 
strength. The strength of reinforced soil is given by 


cr 1{ = a 3 Kp + 2 Cr V~Kp (2.1) 

Gray et al (1982) computed the value of anisotropic or pseudo 
cohesion from force equilibrium analysis of reinforcement 
compos i te . The expression for Cr for horizontal reinforcement is 
given as: 


Cr 


« f vHkp 

2 AH 


( 2 . 2 ) 


And for inclined reinforcement the expression is given as: 
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« f [ Kp cos 2 ft - sin 2 ft 1 

Inclined Reinforcement: Cr = — — (2.?) 

2 AH V~k P 

Where, a f = force per unit width of reinforcement at f a i 1 ure (KN/m> 
AH = spacing between reinforcements in m 

ft = angle of inclination of reinforcement counterclockwise 
from the major principal plane in degrees. 

Haussman (1976), Haussman and lee (1976) discussed the 
Mohr-Coulomb interpretation of reinforcement action to cover 
failure by rupture of reinforcement as well as by reinforcement 
slippage for both cases of horizontal and inclined reinforcement. 

HORIZONTAL REINFORCEMENT: In case of failure by rupture of 

reinforcement, cohesion intercept Cr is given by ; 

°R ^ r_ <p 

Cr = <2. 4) 

In case of slippage between the reinforcement and the soil, 
there is an increase in friction angle, which is defined by 


s i n <t> = 

R 


1 + f ~ Ka 
1 - f + Kcl 


< 2 . 5 ) 


INCLINED REINFORCEMENT: Fig 2.4 shows a wedge of soil 
reinforcement at an angle ft to the major principal plane at 
failure. With an angle a defining the inclination of the assumed 
failure plane, the equilibrium condition yields; 


a - 


a Ki + a K 2 

a R 


< 2 . 6 ) 


where, Ki = 


tana 


tan<a-0) 


( 2 . 7 > 



_ si n(q - /?) r cos/? 
cos«c L tan(a-^) 


+ sin ft ] 


( 2 . 8 ) 


1 1 


To find the value of a at failure, for known value of ft, 4> , 
a and a ; a. i s varied so as to find a minimum value of o . 

a it * 


For the 
Oft = normal 
is given by 


case of slippage of the reinforcement, o = f.o\~ t where 

R P 

stress acting on the surface of reinforcement; then a 


Ki + f . (sin 2 /?) ,Kz 
1 - f . (col ft ) .Ka 


Minimizing o for specific values of 4>, or . and f by 
1 3 

numerical methods indicates that the strength increase can be 
expressed independently as an increase in the friction angle. 

Ingold (1979) made an analytical study on triaxial sample 
reinforced with horizontal layers of reinforcement. He assumed A the 
friction mobilised is linear function of the radial distance from 
the centre of the sample, where the stfein is assumed zero. He 
proposed equations for strength ratio of reinforced soil for 
different casesof triaxial compression test. 

Broms (1988) modified the analytical model of triaxial 
samples reinforced with horizontal fabrics discs. His assumption is 
same asfof Ingold( 1 979) , but he proposed to use average value of 
coefficient of lateral earth pressure in the equation for vertical 
stress distribution along the reinforcement. 


Chandrasekaran et al (1989) used the enhanced confining 



pressure concept to study the shear stress distribution along the 
re inforcement .They proposed an equation for the ultimate strength 
of an ax i symmetr i cal 1 y loaded fabric reinforced sand and another 
equation for maximum tensile force in the reinforcement which 
relates to the applied vertical load. 

2.4.2 EXPERIMENTAL STUDIES: 

2 . 4 . 2.1 EFFECT OF HORIZONTAL REINFORCEMENT: 

Ingold <1979) conducted triaxial test on reinforced clay. His 
test results showed that in case of drained test, strength 
increases with number of layers of reinforcement. In case of rapid 
shear test at higher aspect ratio (spacing/diameter), the results 
indicated a strength decrease of about 50%. 

Gray et al <1982) investigated experimentally the stress 
strain behaviour of horizontally reinforced sand in triaxial 
testing. He observed that above critical confining pressure, 
failure enevelops for all tests tends to be parallel to each other 
for the reinforced sand and the friction angle of the soil was hot 
affected by the reinforcement. Although reinforcement with 
synthetic fibres increases ultimate strength but it tends to 
reduce the overall stiffness of sand. This tendency was more 
pronounced as the number of reinforcement layers increased. The 
reinforcement also tends to increase the amount of strain to reach 
the peak stress. 

Holtz et al <1982) conducted laboratory test to evaluate the 
creep behaviour of reinforced soil. His short term tests showed 
that reinforcement increases the ultimate strength, deformation 
modulus and the angle of internal friction of triaxial sample 



composed of dense angular sand. The increase in maximum principal 
stress difference for reinforced sand decreases with increasing 
confining pressure and reinforced sand fails at larger axial 
strain. 

Ingol d< 1 985 > conducted undrained triaxial testing on 
reinforced clay. He observed that when fully saturated clay is 
reinforced with continuous impermeable reinforcing medium and 
subjected to rapid undrained loading, the reinforcement causes a 
reduction in strength, rather than an increase. The reduction in 
strength was also observed in case of permeable reinforcing 
medium. A limited number of tests on partially saturated clay with 
impermeable reinforcement again confirmed that strength is reduced 
in clay with high degree of saturat i on . As degree of saturation 
decreases, the strength ratio increases until reaching degree of 
saturation of approximately 70%. The maximum strength ratio 
achieved is equal to strength ratio of saturated clay under fully 
drained condition. 

Mandal <1986) conducted conventional triaxial tests on dry 
sand with horizontal circular strips of woven geotextiles in two 
layers to determine the stress-strain relationship of woven 
fabrics. Due to introduction of geotextiles, the angle of internal 
friction, initial tangent modulus and ultimate strength of triaxial 
samples improved substantially. The geotextile reinforced sand 
showed smaller strains at failure than corresponding unreinforced 
samples . 

Mandal <1987) again conducted triaxial tests on cohesive soil 
reinforced with aluminum discs and mild steel fibres. The studies 
revealed that the strength increases in cohesive soil samples with 



different types and forms of reinforcement. The placement of soil 
at moisture on dry side of optimum is advantageous for compacted 
fills of reinforced earth. 

Kr 1 shnaswamy and Reddy (1988) carried out triaxial 
compression tests under undrained conditions on reinforced silty 
clay. He concluded that at very low strains, there is loss in 
compressive stiffness. The loss in compression stiffness was more 
pronounced when the number of reinforcement layers were more and 
the moulding water content was low. The strength ratio decreases 
with increase in water content. 

Srivastava et al<1988) studied the unconfined and triaxial 
behaviour of geotextile reinforced alluvial silt. They also 
changed the position of single reinforced layer and found that 
stress-strain of centrally placed reinforcement dominates the 
stress-strain behaviour of sample reinforced at 1/4 height of 
sample. The value of friction angle for different layers vary very 
little and may be considered almost same in all cases. 

Krishnaswamy and Raghavendra (1988) conducted direct shear 
test on Kaoline silty clay samples reinforced with horizontal 
layers of re i nf orcement . The i r results indicated that at low water 
content, a soft geotextile material does not have a significant 
effect on strength of kaoline but produces loss in strength in 
silty clay. At higher water contents, strength ratio increases 
with increasing number of layers and also increases with normal 
stress. Reinforced samples failed at higher strain. 

Wu (1989) reported that the loss of compressive stiffness 
observed in the triaxial tests were entirely due to compression of 



re 1 nf orcement . 
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2.4-2 -2 EFFECT OF ORIENTATION OF REINFORCEMENT 

McGown et al (1978) studied the effect of inclusion 
properties and orientation of inclusion on the behaviour of sand 
using a plain strain unit cell apparatus. They concluded that for 
maximum improvement inclusion must be placed along the direction 
of principal tensile strain. The placement of reinforcement 
possessing only tensile strength in the direction of compressive 
direct strain does not strengthen the soil. The placement of 
reinforcement inclined to principal strain direction results in 
decrease in strength of reinforced soil. The amount of decrease is 
dependent upon the frictional characteristics of soil inclusion 
interface and angle of placement of the reinforcement to the 
direction of principal tensile strain. 

Mandal and Divshikar (1988) conducted large scale shear test 
on dry coarse gravelly sand with inclined reinforcement of 
galvanized iron sheet. Their test results showed that maximum 
shear stress occurred at inclination of around (45°+ <p/Z) to the 
hor i zonta 1 . 

Hayashi et al (1988) developed a large versatile shear test 
apparatus in order to examine the reinforcing mechanism in sand 
reinforced at different angles of re inforcement .The i r test results 
showed that strength ratio only increases when reinforcing 
material function as tensile material and when the reinforcing 
material function as compressive material, the strength of 


reinforced soil decreases. 



Chen & Lee (1990) conducted direct shear test on reinforced 
soil with changing inclination of reinforcement. From their 
result, they concluded that inclination for maximum improvement is 
related to angle of dilation. They also observed that most 
efficient way of using reinforcement is by placing it in the 
direction of maximum tensile strain of soil mass. 

From these literatures, it can be noted that there is need 
for predicting the strength deformation behaviour of soil 
reinforced at an angle to horizontal. In this study experiments 
on soil reinforced at various angle to horizontal under drained 
triaxial compression tests have been conducted to study its 
strength deformation behaviour. 
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CHAPTER - 3 

DETAILS OF EXPERIMENTAL STUDIES 

3.1 INTRODUCTION: 

In general, soil used in the reinforced earth construction is 
in compacted cond 1 t i on . The orientation of the reinforcement with 
respect to the principle stress direction is a significant 
parameter to studying the behaviour of reinforced soil. In this 
study, experiments have been conducted to study the 
strength-deformation behaviour of compacted soil with 
reinforcement at various angle of inclination to horizontal. The 
details of the materials used, preparation of sample & types of 
tests performed are presented in this chapter. 

3.2 MATERIALS USED: 

3.2.1 SOIL: 

Soil used for the present study was fly ash obtained from 
Panki thermal power station, Kanpur . Tabl e- ’S.l shows some of the 
characteristics of fly ash. 



Table 3.1* Properties of Panki fly ash 


Co 1 our 

“ Grey 

Specific Gravity 

- 2.17 

Plasticity Index 

- Non plastic 

Particle Size: 

Clay (smaller than 0.002 

mm) = 9 % 

Si It <0.002 - 8.075 mm> 

= 76 % 

Sand <0.075 - 2.0 mm) 

= 15 % 

Harvard Miniature Compaction 

Test : 

Optimum Moisture content 

= 34 % 

Maximum Dry Density = 

1.094 g / cc 


3.2.2 REINFORCEMENT: 

The reinforcing material used for reinforcing soil is 
geotextiles manufactured by Gujarat Filament Limited, Banglore. 
The properties of geotextiles used are given in Table 3.2. 


Table *3.2* Properties of the Geotextile 


Type of fabric 

- Woven permeable polystron 

Thi ckness 

- 0.48 mm 

Bursting Strength 

- 20 kg/cm 

Fai lure strain 

- 18 % 

Secant Modulus 6) 5 % 

elongation - 180 kg/cm. 


3.3 PREPARATION OF SOIL SPECIMEN : 

The remoulded soil specimen were prepared with the help of 
Harvard Miniature compaction mould. The diameter of mould is 
38.1 mm and height is 74.5 mm. For all the tests, the air dried 





soil was mixed with the desired quantity of water and wet soil 
was stored in polythene bags for about 3 days for curing. The 
optimum moisture content was determined by compacting the soil 
in compaction mould in four layers of equal height with 25 blows 
each, pressing the compactor up to 15 kg mark. 

The specimen for all triaxial compression tests were made at 
optimum moisture content and maximum dry density. For 

unreinforced soil specimen, soil was compacted in similar manner 
as mentioned above. In reinforced soil specimen, reinforcement 
were placed at centre of sample in one layer. to place the 
reinforcement at centre of specimen at various angle, samplers 
made of aluminum were used. Fig 3.1 shows the shape of sampler. 

The volume of this sampler is half of the volume of Harvard 
miniature compaction mould and its inclined plane passes through 
the centre of sample. First, the sampler was placed inside the 

compaction mould and soil was compacted in two layers. Then 

sampler was taken out and the reinforcement was placed inside the 

mould at proper place and soil was compacted in similar manner 
After trimming the sample, it was taken out and tests were 
conducted . 

For determining the friction coefficient between soil and 
reinforcement, a conventional direct shear test apparatus was 
used. The size of shear box 6.0 cm square. In upper box, the soil 
was compacted at optimum moisture content for maximum dry density. 
At the top of lower box, the geotextiles was placed by gluing it 
on the perpex sheet and tests were conducted in usual manner. 



5.4 DRAINED TRIAXIAL COMPRESSION TEST : 


The samples were first consolidated under all round cell 
pressure. A burette was connected to bottom of sample to measure 
the volume change. Drainage were permitted from one end and radial 
boundary .Rate of test was chosen considering the coefficient of 
consolidation of soil, drainage conditions of sample and failure 
strains of sample such that during the testing pore pressure did 
not develop. All tests were conducted on rate of 0.0244 mm/min. 
Tests were conducted on unreinforced and reinforced soil with 
reinforcement at varying angle to horizontal, and at confining 
stress of 2.5, 3.0, 3.5 and 4.5 Kg/ cm 2 . 

3.5 DIRECT SHEAR TEST : 

This test was done for determining friction coefficient 
between geotextile and soil. The shear force was applied at 
interface between soil and geotextiles. The rate of testing was 
0.25 mm/ min. This was done at three normal stress of 1.0, 2.0, 
3.0 kg/ cm 2 . 

3.6 TYPES OF TESTS CONDUCTED : 


Table-2.3 presents the various types of test conducted. 



TABLE **3 


S.N. 

TYPES 

OF TESTS CONDUCTED 

NO. 

OF TESTS 

1 . 

Particle size distribution 

1 

2 . 

Specific Gravity 


1 

3. 

Consol idat ion 


1 

4. 

Compact l on 


1 

5. 

Direct 

tensile test on reinforcement 

1 

6 . 

Di rect 

shear test 


3 

7. 

Tnaxial drained test 




( l ) 

Unreinforced soil 


4 


< i i ) 

Soil reinforced at 

0° 

4 


( i i i ) 

Soil reinforced at 

20° 

4 


( iv) 

Soil reinforced at 

30° 

4 


<v> 

Soil reinforced at 

40° 

4 


Result obtained from these tests has presented in chapter-4. 
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CHAPTER - 4 


RESULT OF EXPERIMENTAL STUDIES 


4.1 GENERAL: 

Results of tests conducted as described in chapter-5 are 
presented in this chapter. To analyse the strength properties of 
reinforced soil, drained triaxial tests were conducted. 
Reinforcement were placed in one layer at centre of sample at 
various angle to horizontal. Friction coefficient between soil and 
reinforcement was determined by direct shear test. 

4.2 PROPERTIES OF SOIL: 

4.2.1 PARTICLE SIZE DISTRIBUTION : The particle size distribution 
curve of soil used is shown in fig 4.1. Most of the particle of 
fly ash (76 *) falls in silt fraction. From the curve following 
interpretation can be drawn. 

clay ( < 0.002 mm) = 9 % 

silt <0.002 - .075 mm) = 76 % 
sand (.075 ~ 4.75mm) = 15 % 

Uniformity coefficient Cu =17.5 
Coefficient of curvature Cc =5.02 

4.2.2 SPECIFIC GRAVITY: The specific gravity of soil was found to 
be 2.17. 

4.2.5 COMPACTION TEST: Dry density vs moisture content curve of 
compaction test is shown in fig 4.2. 

Optimum moisture content = 54.0 % 







Maximum dry density 


- 1.094 gm / cc 


4.2.4 COEFFICIENT OF CONSOLIDATION Cv: The coefficient of 
consolidation at 3.5 kg/cm confining stress was found to be 
0.026 cm 2 /sec . 

4.3 DIRECT TENSILE TEST ON GEOTEXTILE: 

Direct tensile test was conducted on geotextile of 23 mm width 
and 100 mm length with cross head speed of 1.0 mm/min and chart 
speed of 20 mm/min. Tensile strength was found to be 20 kg/cm at 
failure strain of 18%. Fig 4.3 shows its force vs strain curve. 

4.4 DIRECT SHEAR TEST: 

This test was done for determining the coefficient of friction 
between soil and geotextile. The failure enevelop of this test 
has been shown in fig 4.4. Table 4.1 presents the results of this 
test . 


TABLE 4.1 RESULT OF DIRECT SHEAR TEST 


S.N 

NORMAL STRESS 
( kg/cm 2 > 

MAXIMUM SHEAR 
STRESS (kg/cm 2 > 

COEFFICIENT OF 
FRICTION 

1 . 

1 .0 

0. 73 


2. 

2.0 

1 . 37 

.675 

3. 

3.0 

2.10 



4.3 TRIAXIAL DRAINED TEST: 

Test results on unreinforced and soil reinforced at angle a = 
0° , 20°, 30° and 40° have been presented in the table 4.2. 
Deviate/* Stress vs axial strain curve of various triaxial 
tests have been shown in fig 4 . $ to 4.J. 




TABLE 4.2 RESULT OF TRIAXIAL TESTS 



1 


'.5 

Unre i nf orced 

11.82 

7.72 

.5 

0° 

14.71 

10.81 

.5 

20° 

13.20 

9.94 


30° 

12.74 

8.39 

.5 

40° 

12.03 

6.38 

.5 

Unre l nf orced 

13.61 

9.06 


0° 

18.03 

11.07 

.5 

20° 

13.61 

11.07 


30° 

16.25 

10.00 

.5 

40° 

15.01 

8 . 37 











SHEAR 



Fig 4.4 Failure Envelop of Direct Shear Test 


DEVIATOR STRESS (kg/ 



Fig 4.5: Deviatox: Stress vs Axial Strain 
Curve of Unreinforced Soil 
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FIG 4.7: Deviato* Stress vs axial Strain curve 
(for reinforcement angle =20 ) 
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Fig 4.8: Deviate*, Stress vs Axial Strair^ Curve 
(For Reinforcement Angle =30 ) 
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Fig 4.9: DeviatoV.. Stress vs Axial Strain Curve 
(For Reinforcement Angle =40 ) 





CHAPTER - 5 


ANALYSIS AND DISCUSSION OF TEST RESULTS 


5.1 General: 

Test results presented in Chapter 4 are analysed in this 
Chapter. First of all an analytical model has been proposed. Using 
this model predictions are made and then analytical results and 
experimental results have been compared. Lastly, strength and 
deformation behaviour has been discussed in this chapter. 

5.2 Analysis: 

As earlier discussed in literature review, horizontally 
placed reinforcement may be either in the direction of major 
principal plane or at some angle to it, which may be treated as 
inclined reinforcement. This is due to the fact that, in many 
situations principal stress direction varies relative to the 
placement of reinforcement. And this can be analysed using 
Mohr-Coulomb analysis. 

Fig. 5.1 shows the wedge of soil reinforced at an angle ft to 
the major principal plane. Failure plane is assumed at an 
inclination of a from horizontal, a is the stress developed in 

R 

reinforcement at failure and o & are major and minor principal 
stress acting on the wedge at failure and t and a are shear stress 
and normal stress acting on the surface of wedge. 

Considering force equilibrium in y direction, 

ZF = 0 

y 

r.A.sec a = o .A. sin ot - o' .A. tan a. cos a 
4 a 

- a .A. sin <ot-/3).cos ft. cos a/cos a 

R 

- a .A. sin (a-/3).sin ft. sin a/cos a <5.1) 

R 




Simplifying equation (J.D.we get, 


r = Ua - o^.sin (ex-/?), sin ft / cos a} 

-{o' +© 1 .sin ( a-ft ) . cos ft . /s in a}] sin 2cx / 2 (5.2) 


Similarly summing up the forces in x-direction results. 


ZF = 0 

X 

o'. A. sec ex = o' .A. cos oi + a .A. tan a. sin ex 

1 3 

+ o^.A.sin (a-/?) .cos ft. sin a/cos a 
- o^.A.sin (ex-/?). sin ft. cos a/cos a 


(5.5) 


Simplification of (5.5) leads to, 

2 

o’ = [ O' - o^.sin (ex-/?), sin ft / cos ex] cos ex 

2 

+[ o' + o^.sin (a-ft). cos f?/sin a] sin a 


(5.4) 


Taking, 

F = l & ± ~ 0 R .sin (ex-/3).sin ft / cos cx] 
F z = [ o' + o' .sin (a-/?), cos /9/sin ex] 


(5.5a) 

(5.5b) 


Substituting these values of F and F in equations (5.2) & 

12 

(5.4) 


t = [ F -F ] .sin za / 2 
1 1 2 J 

_ 2 . _ .2 
a - F cos ex + F sin ex 
1 2 


(5.6) 

(5.7) 


Assuming, Mohr-Coulomb failure criteria, the normal and 
shear stresses are related as, 

r = c + o'. tan <p (5.8) 

Substituting values of r and a from equations (5.6) and 
(5.7) in (5-8) and on rearranging. 


or 


or 


= c.cos <£/[cos ex. sin (ex-0> ] 

+ F .Csin ex . cos (ex-<£) ]/[ cos cx.sin (a-<p)l 
2 

= c.cos 0/Ccos cx.sin (ex-^>)3 + F g . tan cx/tan (a- 


( 5 . 9 ) 



Substituting the values of and from equations <5. 5a) 

and (5.5b) in equation (5.9), it can be simplified as, 

= < V k * + <V k 2 + c ' k a 

where k^= tan a/tan (ot-<£) (5.11) 

k 2 = sin ( a ~/3>.[cos ^/tan ( a-tp ) + sin ft] /cos a (5.12) 

k = cos <p / [cos a. sin (ot-<£)] (5.13) 

Constants k and k are same as in equation 2.6 and k 

12 a 

appears in this equation due to consideration of cohesion in the 
ana lysis. 

In order to locate actual failure plane, value of a has been 

varied within known values of o and a and the value of a which 

a r 

corresponds to the minimum value of & has been adopted. This 
minimum value a will be ultimate strength of soil. 

Haussman and Lee (1976) assumed that at fai lure t re i nf orcement 
ruptures rather than stretching. The chance of breaking, however 
in most of the situations of a reinforcement fabric with low 
modulus values are very less. The polystron geotextile, used in 
this study, breaks at a strain of 18 %, In the triaxial tests 
conducted on reinforced fly ash samples, the vertical strains 
observed at peak stresses are only of the order of 10 which is 
much smaller than the failure strain of the reinforcement. The 
actual strains developed in reinforcement will be even lower than 
it; depending on the poisson's ratio of soil and the angle of 
placing of reinforcement. The actual strains developed in 
reinforcement govern the amount of mobilised tensile resistance. 
The tensile resistance in the reinforcement can be computed as 



foil ows : 


T 


CJ ) . 

oec£ 


(5.14) 


and 


-soil 


£ = ^(v.cos 2 f3 - sin 2 /?) (5.15) 

where T = Force per unit width of fabric reinforcement 
corresponding to strain in re 1 nforcement , kg/cm 
£ - strain in reinforcement 

£ = vertical strain in the soil at peak stress 
v ~ Poisson’s ratio of soil. 

(J ) = secant modulus of fabric reinforcement between 

eec £ 

elongation 8 to £ in kg/cm 

Above relation assumes that there is no slip at the fabric 
l nterf ace . 


and 


T. cosoi 
sin ick-fi) . R 


(5.16) 


where R = radius of sample in cm. 

5.3 COMPARISON BETWEEN TEST RESULTS AND PREDICTED RESULT* 

Comparison between maximum v observed and o ^ predicted by 
equation (10) to (16) is compared in fig 5.2. The mobilised 
tensile strength in the reinforcement was computed according to 
equation (14) and (15) using stress-strain relation for fabric 
from fig 4. 4. and value of poisson's ratio is assumed to be 0.35. 
It is observed that mobilised tensile strength of fabric at peak 
stress in the fly ash is only a small fraction ( < 25% ) of its 
maximum strength. Similar observation were made by Gray et al 

(1982) . 


5.4 SHEAR STRENGTH PARAMETERS OF REINFORCED SOIL* 



Miffl 





Fig 5.2 Comparison between Predicted <r, and Obsrved <jy 


The failure enevelops for each case of unreinforced soil, 
and soil reinforced at various angles have been plotted in fig 5.3 t 
5.6. The results are presented in table 5.1. 


Table 5.1: Shear strength parameters of reinforced soil 


S.N. 

Type of test 

Range of a ^ 

c in kg/cm 2 

<P 

1 . 

unre l nf orced 


0.354 

37.5° 

2 . 

0° reinforcement 

2.5 to 

0.702 

38.4° 

3. 

20° reinforcement 

2 

4 . 5 kg/cm 

0.550 

36.9° 

4. 

30° reinforcement 


0.371 

CD 

Vrt 

0 

5 . 

40° reinforcement 

; 

0.215 

vjJ 

CD 


From the table 5.1, it can be observed that, there is very 

lit le variance in value of <p. Therefore, it can be interpreted 

that, failure envelop of reinforced soil in the stress range of 

2.5 :£ a <4.5 is almost parallel, 
a 

It has been also found that when reinforcement is placed 
horizontally, there is maximum increase in value of c, and it 
decreases as reinforcement angle increases. At ot= 40 , value of c 
of reinforced soil attains smallest value and is less than that of 
unreinforced soil. It is so because, at 40 angle of inclination, 
reinforcement is in compression and geotextile, which only posses 
tensile strength, is not contributing to strength of reinforced 
soil. 


5# 5 Strength Ratio: 

Strength ratio of reinforced soil is 


Strength Ratio - 


ia -o > . * , 

1 a reinf orced 
(O' -O' > , . , 

1 3 unremforcea 


defined as: 







(kg/cm 2 ) q (kg/cm 2 ) 


* ±±±4 Unreinforced soil 
j_j.-i.i_t o Reinforced soil 








Strength ratio of reinforced soil obtained from various tests 


have been presented in Table 5.2. 

Table 5.2: Strength ratio of reinforced soil 


S .No . 

Angle of 

Strength ratio for 

different o^Ckg/cm 2 ) 

re i nf orcement 

2.5 

3.0 

3.5 

4.5 

1 

0° 

1.18 

1 .16 

1 . 24 

1 .16 

2 

20° 

1.14 

1 . 03 

1.12 

1.00 

3 

30° 

1.13 

1 . 09 

1 . 08 

1.04 

4 

40° 

0.9f 

0.91 

1 .02 

0.96 


From Table 5.2, it can be interpreted that strength ratio 
is maximum at 0° and it decreases with increase in angle of 
inclination of the reinforcement. Strength ratio of the soil 
reinforced at 20° and 30° have very little difference. At 40 angle 
of inclination of the reinforcement, strength ratio is less than 
one , implying that at 40 angle of inclination of the 

reinforcement, the strength gets decreased to a value smaller than 
that of unreinforced soil. 

From both Tables 5.1 & 5-2, it can be observed that the 
maximum improvement due to reinforcement will be achieved when it 
is placed in the direction of principal tensile strain, which is 
horizontal in case of triaxial compression tests. Placing 
reinforcement away from it. strength of reinforcement will 
decrease and when reinforcement is placed in the plane of 
compressive strain, strength of reinforced soil will be less than 
that of unreinforced soil. 


5.6 Modes of Failure: 













In present study, it is found that reinforced soil specimen 
fail by compression failure mechanism, as described by 
Chandrasekaran et al . (1989). Since, mobilised tensile force 
developed in reinforcement is lower than the breaking strength of 
the reinforcement, there is no chance of failure by rupture of 
reinforcement. During the test, it is also observed that there is 
formation of slip plane at failure. The ultimate strength of 
reinforced soil, which failed by compression failure of soil, is 
governed by tensile force mobilized in the reinforcement. 

The failure strain of horizontally reinforced soil is found 
more than unreinforced soil. With increase in angle to horizontal, 
failure strain decreases and at 40° inclination of reinforcement, 
failure strain is less than that of the unreinforced soil. 

5.7 Deformation Behaviour of reinforced soil: 

Fig 5.7 to 5.10 shows the stress-strain response of fly ash 

at different angle of inclination of the reinforcement and at 

different confining stress level. From these Figs. It can be 

observed that there is increase in compressive stiffness of the 

2 

soil due to reinforcement at 2.5 and 3.0 kg/cm confining stress 
but at 3.5 and 4.5 kg/cm 2 confining stress there is decrease in 
compression stiffness of soil due to reinforcement. 



DEVIATO# STRESS (kg/ 



Fig 5.7: Deviate* Stress vs Axial Strain Cur^e of 
(For Confining stress = 2.5 kg/cm ) 
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Fig 5.0: Deviate* Stress vs Axial Strain Cur^e of Soil 
(For Confining stress = 3.0 kg/cm ) 





Fig 5.3 '• Deviate* Stress vs Axial Strain Curs^e of Soil 
(For Confining stress = 3.5 kg/cm 2 ) 
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Fig 5.10: Deviate Stress vs Axial Strain Cur^e of Soil 
(For Confining stress = 4.5 kg/cm 2 ) 



CHAPTER-6 


CONCLUSIONS 

Triaxial tests have been conducted with fly ash samples 
reinforced with polystron geotextiles. The angle of placement of 
reinforcement have been changed. Following are the conclusions 
drawn from this study. 

1. The maximum improvement of strength in a triaxial test is 
achieved when the reinforcement is placed in plane of principal 
tensile strain; which is horizontal in triaxial compression 
testing. 

2. The strength of reinforced soil is maximum when it is 
placed horizontally in the sample and it decreases with increase 
in angle to horizontal. At 40° inclination of reinforcement. 


strength of 

re i nf orced 

soil was found less 

than 

strength 

of 

unre inf orced 

soil. 





5 . When 

reinforcement, which possess only tensile 

strength , 

I s 

placed in direction of 

compressive strain, 

the 

strength 

of 

s4^e4=^g44n ©# 

re i nf orced 

soil will be less 

than 

strength 

of 

unre i nf orced 

soil. 






4. The increase of strength is dependent on mobilized tensile 
resistance in reinforcement and it depends on angle of 
reinforcement and poisson's ratio of soil. In present study, 
mobilized tensile resistance at failure was found only in order 
of 25% of its breaking strength. 



5. In this study. 


failure of reinforced 


soil is due to 


compression failure of soil and it is governed by shear strength 
of soil mass, since reinforcement does not rupture only get 
stretched . 

6. The failure strain was found more at horizontally 
reinforced soil compare to unreinforced soil and it decreases with 
increasing the inclination of reinforcement. At 40° inclination of 
reinforcement, failure strain is less than that of unreinforced 
soil. 


7. The maximum major principal stress value at failure as 
predicted by using equation 5.10, which includes cohesion term 
also,, is found to be within 15 % of the experimentally measured 
value . 


6.2 RECOMMENDATIONS FOR FUTURE RESEARCH* 

1. Experiments with more number of inclined reinforcement 
layers in soil should be carried out. 

2. To analyze the behaviour of reinforced soil, when it fails 
due to reinforcement rupture or reinforcement slippage. 

5. The experimental study should be conducted with other type 
of reinforcement and soil at different confining stresses. 

4. Large scale model test should be carried out on reinforced 
soil with inclined reinforcement. 
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